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Mitochondrial ADP/ATP carriers are inhibited by two
natural compounds, atractyloside (ATR) or carboxy-
atractyloside (CATR), which differ by one carboxylate
group. The interactions of the inhibitors with the
carrier were investigated by single-molecule force
spectroscopy. Transmembrane a helices of the ATR-
inhibited carrier displayed heterogeneous mechan-
ical and kinetic properties. Whereas a helix H2
showed the most brittle mechanical properties and
lowest kinetic stability, a helix H5 was mechanically
the most flexible and possessed a kinetic stability 9
orders of magnitude greater than that of a helix H2.
In contrast, CATR-binding substantially increased
the kinetic stability of a helix H2 and tuned the
mechanical flexibility of a helices H5 and H6. NMR
spectroscopy confirmed that the additional carbox-
ylate group of CATR binds to the sixth a helix, indi-
cating that the enhanced stability of H2 is mediated
via interactions between CATR and H6.
INTRODUCTION
Themitochondrial ADP/ATP carrier exchanges cytosolic ADP for
ATP that is synthesized in the mitochondrial matrix (Klingenberg,
2008). Atractyloside (ATR) (Bruni et al., 1964) and carboxy-atrac-
tyloside (CATR) (Luciani et al., 1971) are specific inhibitors of
ADP/ATP carriers (Pfaff et al., 1965; Vignais et al., 1971). Both
compounds are diterpene glycosides with one isovaleric and
two sulfate groups, but CATR possesses an extra carboxylate
group, which confers a 10-fold increase in affinity. The inhibitors
lock the carrier into an abortive cytoplasmic state (Klingenberg,
1989), in which the substrate binding site faces themitochondrial
intermembrane space. An 8 A˚ resolution projection structure of
the ATR-inhibited form of the yeast ADP/ATP carrier reconsti-
tuted into membranes demonstrated that the transporter is
structurally monomeric and has a three-fold axis of pseudosym-
metry (Kunji and Harding, 2003) in agreement with the threeStructure 18,homologous sequence repeats (Saraste and Walker, 1982). An
atomic structure of the CATR-inhibited bovine ADP/ATP carrier
showed that the protein folds into a six-transmembrane a-helical
barrel with three short a helices on the matrix side (Pebay-Peyr-
oula et al., 2003). Proline residues in a PX[DE]XX[RK] signature
motif kink the odd-numbered transmembrane a helices H1,
H3, and H5, whereas the charged residues of the motif form
a salt-bridge network that closes the central cavity on the matrix
side (Pebay-Peyroula et al., 2003). Moreover, the structure re-
vealed interactions between CATR and the central cavity.
Subsequently, a single substrate binding site has been defined
in the cavity by chemical and distance constraints (Kunji and
Robinson, 2006; Robinson and Kunji, 2006) and by symmetry
analysis (Robinson et al., 2008). Molecular dynamics studies
have indicated putative interactions of ADP with residues of
this site (Dehez et al., 2008; Wang and Tajkhorshid, 2008). By
using symmetry analysis, another conserved motif [YF][-
DE]XX[RK] was found on the cytoplasmic side of the carrier,
which might form a salt-bridge network when the carrier is in
a state with the substrate binding site open to the mitochondrial
matrix (Robinson et al., 2008).
Atomic force microscopy (AFM) has been used to study the
structure and dynamics of membrane proteins (Muller, 2008)
and can be used in single-molecule force spectroscopy
(SMFS) mode to locate and quantify interactions that stabilize
structural segments in membrane proteins (Kedrov et al.,
2007; Muller, 2008). Probing the strength of these interactions
dynamically allows the mechanical, energetic, and kinetic
properties of structural segments to be estimated. When per-
formed in presence of different molecular compounds, exper-
imental conditions, mutations, oligomeric states, or specific
binding proteins, SMFS can quantify where and how these
factors alter interactions within a given membrane protein.
Here, we probe the interactions of the ADP/ATP carrier iso-
form 3 from Saccharomyces cerevisiae (Aac3p) with either
ATR or CATR by SMFS. Transmembrane a helix H2 is
substantially stabilized when CATR rather than ATR is bound
to the carrier, whereas the kinetic stability of a helices H5
and H6 decreases slightly, which can be attributed to interac-
tions between the carrier and the additional carboxylate group
of CATR.39–46, January 13, 2010 ª2010 Elsevier Ltd All rights reserved 39
Figure 1. Structural Characterization of
Two-Dimensional Crystals of the ADP/ATP
Carrier Aac3p
(A) Electron micrograph of a negatively stained
tubular crystal of Aac3p.
(B) AFM topograph of a similar crystal with the top
layer removed.
(C) Projection map of a single crystal at 5 A˚ resolu-
tion. The unit cell with dimensions of 42.5 by
172.1 A˚ is displayed together with p22121
symmetry operators. The red circles indicate the
approximate position of CATR.
(D) High-resolution AFM topograph showing rows
of Aac3p dimers with alternating orientation. Some
single Aac3p carriers are encircled and some row
borders are indicated by white lines.
(E) Simulated crystal packing with a comparative
model of Aac3p (Robinson and Kunji, 2006) based
on the structure of the bovine ADP/ATP carrier
(Pebay-Peyroula et al., 2003) viewed from the
water phase. CATR is shown in the sphere
representation.
(F) Viewed from the membrane plane.
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Two-Dimensional Crystals of Yeast Aac3p
Aac3p was inhibited with either ATR or CATR, purified in
dodecyl-maltoside, and reconstituted by dialysis into tubular
two-dimensional crystals (0.25 mm by 2 mm) with dioleoyl-glyc-
erophosphocholine. The negatively stained crystals were visual-
ized by electron microscopy (Figure 1A) and AFM (Figure 1B).40 Structure 18, 39–46, January 13, 2010 ª2010 Elsevier Ltd All rights reservedA projection structure of Aac3p to 5 A˚
was calculated from a single crystal (Fig-
ure 1C). The crystal consisted of rows of
Aac3p dimers with alternating orienta-
tions (Figure 1C), as can be seen also
in high-resolution AFM topographs (Fig-
ure 1D). The crystal packing was
modeled by using the density distribution
of the projection map, which is a sensitive
measure of orientation (Figure 1E). The
vast majority of the interactions in the
crystal were mediated by lipid-protein
rather than protein-protein interactions,
indicating that the carrier proteins are
monomeric in the membrane, as well as
in detergent (Bamber et al., 2006). As
measured by AFM, the difference in
height between differently oriented rows
of Aac3p is z7 A˚ (Figure 1F). In agree-
ment with this, the matrix side of the
carrier protrudes z10 A˚ from the
membrane, whereas the cytoplasmic
side is barely exposed at z3 A˚ (Pebay-
Peyroula et al., 2003).
SMFS of Aac3p
Two-dimensional crystals of CATR-in-
hibited Aac3p were immobilized ontofreshly cleaved mica and imaged using AFM. For SMFS, the
AFM stylus was pushed onto the membrane until a force of
500–1000 pN was reached and then retracted at a constant
velocity (Figure 2A). These approach-retraction cycles were
repeated many times (Figure 2B), recording the cantilever
deflection over the separation of stylus and membrane surface.
In z5% of cases the force-distance (F-D) curves were suffi-
ciently long (z70-80 nm) to describe the unfolding of a single
Figure 2. SMFS of the ADP/ATP Carrier
(A) Pushing the AFM stylus onto the reconstitutedmembrane protein favors the
nonspecific attachment of its polypeptide. Upon separating the AFM stylus
from the membrane surface, an F-D curve is recorded. The stretching force
between the carrier and AFM stylus is monitored by the deflection of the
AFM cantilever. Sufficiently high pulling forces induce the stepwise unfolding
of the membrane protein and each force peak reflects an unfolding interme-
diate. Only if the Aac3p molecule attaches with its terminal end to the AFM
stylus it is possible to unfold the membrane protein into an entirely stretched
conformation of the polypeptide, apart from the last domain, which serves
as amembrane anchor. Because Aac3p has 308 amino acids, such F-D curves
must exhibit a length ofz70-80 nm (1 aaz0.36 nm).
(B) F-D curves (>90%) exhibiting a length of 70–80 nm show similar saw-tooth
like patterns. Fitting each force peak with the worm-like-chain (WLC) model
(C, red lines) locates the structural segment that established sufficiently strong
interactions against unfolding. The scheme above the F-D curve indicates the
transmembrane a helices that unfolded such as described by the force peak.
For each force peak the unfolding transmembrane a helices are colored in
bright red and indicated above the unfolding scheme. Major force peaks are
fitted with solid lines, and minor peaks with dashed lines.
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Probing Mitochondrial ADP/ATP Carrier InteractionsADP/ATP carrier molecule into a fully stretched polypeptide (Fig-
ure 2B). These F-D curves showed sawtooth-like patterns, as
described previously during unfolding studies of other mem-
brane proteins (Kedrov et al., 2004; Oesterhelt et al., 2000).
Upon pulling the terminal end mechanically, the membrane
protein unfolds sequentially with every force peak of the F-D
curve denoting an unfolding intermediate (Figure 2C). The
magnitude of each force peak is a measure of the strength of
the interactions that stabilize the intermediates. The distanceStructure 18,at which a force peak occurs indicates the length of the unfolded
polypeptide connecting the terminal end pulled by the AFM
stylus and the unfolding intermediate. This information enables
to assign the structural segments that unfolded in the individual
unfolding steps. Due to the unspecific attachment, the AFM
stylus can pick up either the N- or the C-terminal end of
Aac3p. To identify from which terminal end the carrier was
picked up, the poly-histidine tag had been removed from the
N terminus by treatment with Factor Xa-protease (see
Figure S1 available online). Western blots probed with anti-His-
tag antibodies showed that the tag had been removed (Fig-
ure S1). The F-D spectra shortened after enzymatic treatment,
suggesting that unfolding had occurred from the N-terminal
end (Figure S2).
Threemajor force peaks observed at pulling distances ofz10,
z41, andz63 nm (Figure 2C, thick lines) indicated that Aac3p
unfolded by forming three major intermediates. The distances
corresponded to residuesz30,z136 andz235 in the unfold-
ing polypeptide (Figure 2C). According to this assignment,
mechanical pulling of the N-terminal end caused carrier mole-
cules to unfold in three major steps, each one representing the
unfolding of a pair of transmembrane a helices. However, unfold-
ing of the first a-helical pair H1 and H2 seemed to occur via
several intermediate steps, which appeared as minor peaks in
F-D spectra at separations up to 35 nm (Figures 2B and 2C).
We assigned the major and minor force peaks to sequential
unfolding of a helix H1 (force peak atz30 aa), to the extramem-
brane a helix h12 (z60 aa) and proximate loops (z67 aa), and to
the intermembrane-facing part of a helix H2 (z82 aa). In
contrast, the transmembrane a helices H3 and H4 unfolded
cooperatively (force peak at z136 aa) and only in 15% of all
cases showed an intermediate step that would indicate the
unfolding of single a helices. Transmembrane a helices H5 and
H6 had a probability ofz40% to unfold cooperatively, in all other
cases a helix H5 and H6 unfolded individually (force peaks at
z235 andz275 aa, respectively).
Interactions of ATR- and CATR-Inhibited Aac3p
Compared with ATR, CATR has an extra carboxylate group at
carbon 4 in the diterpene moiety, which increases the affinity
of the inhibitor by an order of magnitude (Pfaff et al., 1965;
Vignais et al., 1971). F-D curves recorded from single Aac3p
molecules that were inhibited with either of the inhibitors high-
light their common interaction patterns (Figures 3A and 3B).
The apparent similarity of these F-D spectra implied that the
inhibitors bound to the same location (Figures 3A and 3B) and
that their interactions with Aac3p were similar in strength (Fig-
ure 3C). However, the probability of detecting these inhibitor-
protein interactions was clearly different between the two
inhibited states of the ADP/ATP carrier (Figure 3D). Interactions
that stabilized a helix H2 were detected in 53% of CATR-
inhibited Aac3p molecules (n = 63), but in only 11% of ATR-
inhibited carriers (n = 73). The product of average force and
detection probability provides the normalized average force (Fig-
ure 3E) and can be used to estimate the average interaction
strengths over the ensemble of Aac3p molecules (Cisneros
et al., 2008). The normalized average force showed that CATR
increased the interaction strength at a helix H2 z5-fold com-
pared with ATR. The probability of detecting this stabilization39–46, January 13, 2010 ª2010 Elsevier Ltd All rights reserved 41
Figure 3. SMFS Discriminates the Two Inhibited Forms of ADP/ATP Carrier
(A and B) Superimposed F-D curves recorded in presence of CATR (A) and ATR (B) highlight similarities of their interaction patterns. Each superimposition
containsz20 F-D curves. The arrow in A indicates the enhanced interaction detected for CATR-inhibited carriers.
(C) Average interaction forces and standard error of the mean (±SEM) detected to stabilize structural segments of Aac3p.
(D) SMFS observes a helix H2 as a stable intermediate in CATR-bound carrier, but forming a rather unstable intermediate in presence of ATR.
(E) Normalized force (average unfolding force times probability) confirms that CATR binding significantly strengthens interactions within a helix H2 of Aac3p.
Data shown in (A–E) were recorded at a puling velocity of 350nm/s, and 63 and 73 unfolding events were analyzed for CATR- and ATR-bound carrier, respectively.
(F) Probability to detect the interactions stabilizing the unfolding intermediate of a helix H2 increases with pulling velocity both for CATR- and ATR-bound carrier.
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rates (pulling velocities) probed (Figure 3F).
Determining the Energy Landscape of Inhibited Carriers
Besides localizing and quantifying molecular interactions in
membrane proteins, SMFS can also provide information about42 Structure 18, 39–46, January 13, 2010 ª2010 Elsevier Ltd All righttheir energy landscapes (Janovjak et al., 2008). The kinetic and
mechanical properties of the carrier can be then estimated
from individual energy barriers (Figure S3) (Evans and Ritchie,
1997). To determine how inhibitor binding changed the energy
landscape of Aac3p, we used dynamic SMFS (DFS). DFS probes
the kinetic stability of the tertiary and quaternary interactions ofs reserved
Figure 4. Dynamic SMFS (DFS) Spectra of CATR- and ATR-Inhibited ADP/ATP Carriers
Most probable unfolding forces (±SEM) of Aac3p structural segments were plotted versus force-loading rates.
(A) Among all a helices H2 showed the smallest xu and highest ku
0. CATR-binding significantly lowered the unfolding rate compared with ATR, but did not affect
the transition state. a Helix H2 was rarely detected in DFS experiments at pulling velocities 85, 170, and 350 nm/s in ATR-bound carrier (Figure 3F) and was not
included into analysis.
(B) The a-helical pair H3-H4 showed similar xu as observed for a helix H2 but much lower ku
0.
(C) a helix H5 showed the highest xu and the lowest ku
0 among all a helices.
(D) a helix H6 showed properties that laid between those of a helices H5 and H2.
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loading rates (pulling velocities). Themost probable forces stabi-
lizing the structural segments of Aac3p were plotted against
force-loading rates (lr) to produce so-called DFS spectra
(Figure 4), which are most commonly analyzed using the Bell-
Evans model (Evans and Ritchie, 1997). The model describes
how the energy landscape is deformed by an externally appliedStructure 18,force (F), thereby reducing the energy barrier that separates
a bound/folded state from an unbound/unfolded state (Fig-
ure S3). Transition rates over these energy barriers are conse-
quently force dependent. DFS spectra reveal the distance from
the folded state to the transition state (xu) and also the transition
rate (ku
0) of the folded state to cross the energy barriers
that stabilize individual structural segments at equilibrium (in39–46, January 13, 2010 ª2010 Elsevier Ltd All rights reserved 43
Structure
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DFS spectrum measures xu, whereas extrapolation of a linear
regime to zero force provides the transition rate ku
0.
The Energy Landscape of Aac3p Is Dynamic
and Depends on Inhibitor Type
The interaction strengths stabilizing each structural segment of
Aac3p increased linearly with the logarithm of the force-loading
rate (Figure 4). This linearity suggested that all structural
segments within the carrier were stabilized by a single energy
barrier (Evans and Ritchie, 1997). All DFS plots of inhibited
Aac3p showed identical slopes for a helix H2 (Figure 4A), sug-
gesting that the distance between folded state and transition
state did not depend upon which inhibitor is bound to the
carrier. However, the transition rates determined for a helix H2
in the ATR-bound (9.4 s1) and the CATR-bound (3.7 s1) states
differed by a factor of 2.5, demonstrating that inhibition by CATR
induced a higher degree of kinetic stabilization in Aac3p. This
stabilization may be associated with the increased strength of
the interaction that stabilizes a helix H2 in CATR-inhibited
Aac3p (Figure 3).
Compared with a helices H3-H6 (Figures 4B–4D), a helix H2
showed a significantly lower kinetic stability. In addition, a helix
H2 possessed the smallest xu of all transmembrane a helices
in the protein. The observation that a helix H2 has the smallest
xu indicates that it resides in the narrowest energy well among
the a helices of Aac3p. Because the width of an energy well
restricts the conformational entropy (or number of accessible
substates), it follows that a helix H2 showed the most restricted
conformational entropy, whereas all other a helices of the carrier
could adopt a larger number of conformational sub-states.
Because the number of possible conformational substates gives
an indication of the structural flexibility of a protein, it can be
concluded that a helix H2 is the most brittle a helix of the carrier.
Similarly, the binding of an inhibitor to the Na+/H+ transporter
NhaA was found to restrict the conformational substates of
a functionally important a helix (Kedrov et al., 2006). We specu-
late that the same may have happened to a helix H2 of Aac3p
upon binding of either ATR or CATR.
There was no significant difference between the transition
states and rates of the a-helical pair H3-H4 upon inhibiting the
carrier with ATR or CATR (Figure 4). However, this situation
changed for a helices H5 and H6, with CATR shortening the
distance to the transition state by 4 A˚. Thus, both a helices
became mechanically more brittle upon CATR binding. At the
same time, the transition rate for these a helices was reduced.
However, these latter changes were small and may rather be
attributed to uncertainties in fitting the DFS spectra. Taken
together, these results suggest that the different inhibitors
modulate the interactions andmechanical properties of a helices
H5 and H6, but further studies would be required to clarify these
effects.
a Helices H5 and H6 showed unusually high xu values above
1 nm. Compared with a helices showing lower xu values
(<1 nm), this suggests that a helices H5 and H6 undergo larger
structural deformations prior to their unfolding. Similarly high
values have been measured to extract individual lipid molecules
from a membrane bilayer (Evans and Ludwig, 2000) and, more
recently, to extract specific transmembrane a helices of the44 Structure 18, 39–46, January 13, 2010 ª2010 Elsevier Ltd All rightbacterial amino acid transporter SteT (Bippes et al., 2009). The
high xu values suggest that the unfolding of a helices H5 and
H6 of Aac3p is likely triggered by their partial extraction from
the lipid bilayer and the loss of stabilizing hydrophobic contacts
of these a helices with lipid acyl chains. In contrast, the low xu
values characterizing a helices H2 to H4 suggest that their un-
folding occurs within the membrane, when intrahelical hydrogen
bonds rupture under the stressing pulling force (Janovjak et al.,
2004).
Stereochemistry of CATR and ATR
Our DFS studies showed that binding of CATR significantly
increased the interaction strength and kinetic stability of a helix
H2 and perhaps also changed the mechanical properties of
a helices H5 and H6. In the molecular structure of the homolo-
gous bovine carrier AAC1, the extra carboxylate group of
CATR was assigned to bind to residue R279 on a helix H6 via
a structured water molecule, not to H2 (Pebay-Peyroula et al.,
2003). We reasoned it was possible that this assignment was
incorrect, and that the extra carboxylate may instead bind to
R79 on a helix H2, which would provide a straightforward expla-
nation for the 5-fold increase in the interaction strength at a helix
H2 (Figure 3). Therefore, we decided to study the stereochem-
istry of the additional carboxylate group by comparing the
nuclear magnetic resonance (NMR) spectra of unbound CATR
and ATR (Figures 5A and 5B). Our results confirm earlier reso-
nance assignments made for CATR (Figure 5C) (MacLeod
et al., 1990). The chemical shifts of directly bonded carbon and
hydrogen nuclei were assigned for all sites in natural abundance
[1H, 13C]-HSQC spectra of both CATR and ATR (Figures 5A and
5B). The additional signal in the spectrum of ATR corresponds to
an additional proton resulting from the lack of a second carbox-
ylate group at carbon 4 in the diterpene moiety. On comparing
the spectra of the two inhibitors, significant chemical shift
changes were observed for C4 (DdC 14.2 ppm), C3 (DdC 5.8
ppm, DdH 0.19, 0.09 ppm), C5 (DdC 2.7 ppm, DdH 0.21 ppm),
and C6 (DdC 2.1 ppm, DdH 0.13, 0.05 ppm), all of which are prox-
imal to the site (C4) that is occupied by a carboxylate group in
CATR (Figures 5A and 5B).
Scalar coupling measurements were made to elucidate
whether the additional proton at the C4 site in ATR adopts an
axial or an equatorial position with respect to the cyclohexane
ring. The scalar coupling patterns observed for the C4 (doublet
of doublets, J 1.8, 4.8 Hz) and C5 (doublet of doublets, J 5.4,
12.7 Hz) sites in atractyloside are consistent with the HC4 occu-
pying the equatorial but not the axial position. Thus, the addi-
tional carboxylate group on CATR will therefore possess the
correct orientation for binding to a helix H6 rather than H2, con-
firming the conclusions of earlier NMR analyses (Piozzi et al.,
1966) and the assignment in the X-ray structure of the bovine
carrier protein (Pebay-Peyroula et al., 2003)
The residues that are involved in the binding of CATR to the
bovine ADP/ATP carrier (Pebay-Peyroula et al., 2003) are fully
conserved in the homologous protein Aac3p. In the bovine
AAC1 structure, CATR has interactions with K22 on H1, R79,
N87 and K91 on H2, R187 on H4, and D231 and R234 on H5
(Figure S4). Thus, inhibitors bind to a helix H2 with the largest
number of polar and electrostatic interactions. The additional
carboxylate group at the C4 site of CATR binds via a waters reserved
Figure 5. NMR Spectroscopy of ATR and CATR
(A) Molecular structures of ATR and CATR with assignment of carbon
atoms. At carbon site 4, R (encircled in red) is -H in ATR and -COOH in
CATR. Natural abundance [1H,13C]-HSQC spectra of (B) ATR and (C)
CATR recorded in H2O. Significant chemical shift changes are
indicated in red, whereas those that are unchanged are indicated
in blue.
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Probing Mitochondrial ADP/ATP Carrier Interactionsmolecule to R279 on H6 (Pebay-Peyroula et al., 2003) or directly
to H6 (Johnston et al., 2008). In our SMFS experiments the
increased interaction of H2 can be explained by assuming that
the additional bond with H6 is tested when CATR interacts
with H2. Moreover, our DFS data indicate that CATR substan-
tially affects the mechanical and kinetic properties of a helix
H2. These results demonstrate for the first time the capability
of SMFS to discriminate minor binding mechanisms of different
inhibitors. Inhibitors can establish structurally localized and
distant interactions in proteins, as has been observed for the
Na+/H+ antiporter from E. coli, where an inhibitor bound to the
ligand binding pocket, changing the kinetic and mechanical
properties of a functionally important helix (Kedrov et al.,
2006). In the case of Aac3p, tight docking of the inhibitor,
together with a reduction in the flexibility of a helix H2 leads to
efficient inhibition of the ADP/ATP carrier and enhanced affinity
of the complex.EXPERIMENTAL PROCEDURES
Expression and Purification of Aac3p
Expression and purification of the histidine-tagged yeast ADP/ATP carrier
Aac3p and reconstitution into two-dimensional crystals were performed as
described elsewhere (Kunji and Harding, 2003). Here, a projection map to
5 A˚ resolution was calculated from structure factors derived from an electron
micrograph of a single crystal, according to established procedures (Crowther
et al., 1996; Kunji and Harding, 2003). The orientations and positions of the
Aac3p model (Robinson and Kunji, 2006) in the crystal were determined by
calculating projection maps of the model in different orientations and then
comparing the density distribution with the experimental data. The verticalStructure 18, 39–46,position was estimated from the hydrophobic band on the outside
of the protein.
Enzymatic Cleavage of Aac3p
To modify the length of the N-terminal end of recombinant Aac3p, the
membranes containing Aac3p with an N-terminal nine-histidine tag
were incubated with Factor Xa protease for 20 hr at 8C and then
collected by centrifugation and resuspended in SMFS working buffer.
AFM and Dynamic SMFS
Atomic force microscopes used (Nanoscope IIIe, Veeco Instruments,
USA, and NanoWizard, JPK Instruments, Germany) were equipped
with either Biolever A or Biolever-Mini cantilevers (Olympus, Japan).
Each cantilever was calibrated from its thermal noise using the equi-
partition theorem (Butt and Jaschke, 1995; Florin et al., 1995).
Aac3p-containing membranes were immobilized onto freshly cleaved
mica in 25mMMES (pH 6), 200mMKCl, 10mMEDTAwith 1 mMCATR
or 5 mM ATR. After 30 min incubation, the solution was exchanged to
remove nonadsorbed membranes and the support was gently rinsed.
Prior to each experiment the AFM was thermally equilibrated for
30 min. AFM imaging was used to select Aac3p-containing mem-
branes for DFS. The AFM stylus was attached nonspecifically to single
ATR- and CATR-inhibited Aac3p molecules, which were then
unfolded from lipid membranes at pulling velocities (v) of 85, 175,350, 700, 1400, 2800, 5400, and 9000 nm/s. At least 50 complete unfolding
events were analyzed for each condition. For each pulling velocity we calcu-
lated the most probable unfolding force (F) of each unfolding force peak by
fitting the unfolding force distribution with a Gaussian function. The reproduc-
ibly occurring unfolding force peaks assigned the unfolding of transmembrane
a helices H2, H3-H4, H5, and H6. F was plotted against the force-loading rate
(lr). lrwas estimated from the product of v and the slope of a secant to the cor-
responding worm-like-chain curve at 2/3 of F.
According to the Bell-Evans theory (Evans and Ritchie, 1997) F is a linear
function of the logarithm of lr:
F =
kBT
xu
ln
 
xu lr
kBTk0u
!
;
where xu is the distance from the folded state to the transition state and ku
0 the
spontaneous unfolding rate in the absence of externally applied forces. Fitting
the DFS data with this function by a least-squares algorithm provided param-
eters for the energy barriers crossed during the unfolding of transmembrane
a helices.
NMR Spectroscopy
NMR resonance assignments were obtained by analysis of two-dimensional
homonuclear double-quantum-filtered correlation spectroscopy, total correla-
tion spectroscopy, nuclear Overhauser effect (NOE) spectroscopy spectra,
and natural abundance [1H,13C]-heteronuclear single quantum correlation
(HSQC) spectra (Cavanagh et al., 2006), with reference to previously published
work (MacLeod et al., 1990). For atractyloside, homonuclear scalar couplings
were measured directly from a [1H,13C]-HSQC spectrum acquired with high
digital resolution in the 1H dimension. For atractyloside the stereoisomer state
at carbon 4 in the diterpene moiety was verified using a combination of NOE
information and scalar coupling measurements, assuming that 3J is large for
anti and small for gauche dihedral angle configurations. All experiments
were performed at 298 K on a Bruker DRX500 spectrometer operating at
500.13 MHz.January 13, 2010 ª2010 Elsevier Ltd All rights reserved 45
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